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This  report  presents  data  from  an  experimental  program  undertaken  to  determine 
the  effect  of  low  temperatures  on  the  compaction  characteristics  of  a silty 
sand.  The  effeots  of  compactive  effort  and  chemical  additives  were  alBo  in- 
vestigated to  determine  possible  methods  of  improving  the  densities  of  boIIb 
placed  and  compacted  at  low  temperatures.  A single  soil  type  was  used  through- 
out the  test  program  and  test  results  were  obtained  using  Standard  and  Modified 
AASHO  compactive  efforts  on  an  untreated  soil  nrsrmrsri  und  t.BB+.arf  «+ 
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20.  Abstract  (cont'd) 

of  20rC  and  - . Additional  test  series,  using  the  same  c.ompactive  efforts 
and  temperatures,  were  performed  on  the  soil  after  it  had  been  treated  with  an 
additive.  The  amounts  of  additive  used,  based  on  the  dry  weight  of  soil,  were 
3,  2,  1,  0.5,  and  0.25#  of  calcium  chloride'  and  0.5#  of  sodium  chloride.  From 
the  results  of  the  experimental  program,  several  important  conclusions  concern- 
ing the  effect  of  low  temperature  compaction  were  drawn:  a)  For  similar  test 
conditions,  the  dry  unit  weight  of  a frozen  compacted  soil  is  less  than  for  an 
unfrozen  compacted  soil,  b)  The  dry  unit  weight  of  a frozen  soil  is  inversely 
proportional  to  the  amount  of  ice  in  the  soil  pore  space,  c)  Chemical  additiveB 
can  be  effectively  used  to  offset  the  adverse  effect  of  low  temperature  on  the 
compaction  characteristics  of  a soil,  d)  The  effect  of  chemical  additive^on 
the  compaction  characteristics  of  a soil  compacted  at  temperatures  below, O^C 
can  be  predicted  using  phase  equilibrium  concepts  from  physical  chemistry.” 

Based  on  yhese  ccmclusions,  it  is  recommended  that  additional  experiment aij^work 
be  completed  to  Supplement  the/data  already /generated  aiuf  to  verify  the  gen\ 
eral  approach  u/ed  in  the  analysis.  A tes y program  usi/g  a different  soil  tyroe, 
a wider/range  of  water  contents  and  a mor«r  typical  gradation  of ^ frozen  particle 
sizes  vtuld  meet  those  objectives.  / ' \ 
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I.  INTRODUCTION 


■present  winter  construction  practices  are  almost  universal  in  pro- 
hibiting any  type  of  earthwork  that  involves  placing  and  compacting 
frozen  soils.  These  limitations  are  extremely  costly  to  both  the  public 
and  private  sectors  of  the  economy.  Studies  have  shown  that  the  seasonal 
unemployment  rate  in  the  construction  industry  is  about  double  that  of 
all  other  industries,  and  elimination  of  the  social  and  economic  costs 
involved  in  this  under  utilization  of  the  work  force  is  justification  for 
any  attempts  to  lengthen  the  construction  Beason  (18),  The  additional  costs 
of  idle  equipment,  delays  in  the  use  of  the  completed  project,  and 
interest  costs  on  borrowed  money  are  further  justification  for  seeking 
a solution  to  the  problems  of  winter  earthwork. 

The  concept  of  winter  construction  is  not  new  and  many  new  techni- 
ques and  practices  have  been  developed,  particularly  in  the  placement 
of  concrete  masonry,  However,  the  technology  of  cold  weather  soil  place- 
ment and  compaction  has  been  stagnant,  and  present  practices  are  baBed 
on  specifications  that  have  been  primarily  developed  on  an  empirical 
basis. 

Most  state  and  federal  agencies  prohibit  the  placing  of  frozen  boIIb 
in  embankments  or  fills.  Yoakem  (5!0  researched  the  present  public  and 
private  policy  associated  with  excavation,  placement  and  compaction  of 
soils  for  embankments  and  foundations  and  reported: 

"Twenty-five  of  the  forty-five  highway  departments  which 
replied  to  the  questionnaire  stated  they  do  not  construct 
embankments  using  frozen  Boils  during  freezing  weather  and 
they  do  not  allow  footings  or  pavements  to  be  placed  on 
frozen  ground  — — (The  New  York  Highway  Department  in  a 

research  report)  verified  their  previous  findings  that, 

when  soil  temperatures  reached  20  to  25 °F,  it  was  extremely 
uneconomical  and  impractical,  if  not  impossible,  to  achieve 
specified  densities," 

As  a specific  example,  the  Michigan  Department  of  State  Highways, 
using  the  pedologioal  system  of  soil  classification,  rates  Boils  into 
five  classes  of  suitability  for  winter  earthwork.  In  a summary  state- 
ment the  Michigan  specifications  state: 

"Generally,  sandy  boIIb  are  well  adapted  to  winter  grading 
because  their  free  draining  nature  eliminates  the  problem  of 
excess  moiBture  during  compaction.  — However,  for  clay  types 
adequate  compaction  cannot  be  attained  if  the  moisture  content 
is  greater  than  approximately  2%  over  optimum. "(12) 


i.: 

r: 

In  view  of  the  fact  that  present  specifications  controlling  winter 
i earthwork  range  from  complete  prohibition  to  limitations  based  on  soil 

i,  type,  it  is  neoessary  to  develop  more  rational  methods  for  predicting 

i the  relationship  between  compactive  effort,  temperature,  moisture  con- 
i' tent  and  resulting  dry  densities. 

| To  provide  the  information  needed  to  develop  a rational  approach 

| to  compaction  of  frozen  soils,  a research  plan  was  implemented  to  study 

j several  of  the  factors  affecting  compaction  of  frozen  soilB.  The  testing 

; program  was  designed  to  utilize  conventional  compaction  techniques 

i1  (AASHO  T99  or  AASHO  T10O)  to  provide  a base  of  information  that  would 

" be  easily  understood  and  could  be  readily  compared  to  available  re- 

search results.  Certain  modifications  in  sample  preparation  and  storage 
were  required  to  meet  the  objectives  of  the  testing  program. 


The  ganereJ  research  approach  was  to  conduct  a aeries  of  Standard 
and  Modified  AASHO  compaction  tests  on  a selected  Boil  at  various  tem- 
peratures above  and  below  0°C.  The  tests  at  temperatures  above  freezing 
(20°C)  were  conducted  to  provide  a frame  of  reference  for  comparing 
tests  results  at  low  temperatures  (-T°C).  An  additive  (calcium  chloride 
or  Bodium  chloride)  was  used  in  some  of  the  testB  to  obtain  possible 
methods  of  improving  winter  earthwork  techniques. 

The  initial  objectives  of  the  testing  program  were  to  seek  quanti- 
tative answers  to  the  questions! 


1.  How  is  the  dry  density  of  a soil  affected  by  below  freezing 
temperatures? 

2.  Is  there  an  optimum  moiBture  content  for  frozen  boIIb  compacted 
at  below  freezing  temperatures? 

3.  Does  the  use  of  an  additive  increase  the  dry  density  of  a soi’ 
compacted  at  below  freezing  temperatures? 

U.  How  does  the  additive  affect  the  optimum  moisture  content? 


5.  Does  the  effectiveness  of  the  additive  change  with  temperature? 


6.  What  is  the  optimum  amount  of  additive? 


For  the  soil  tasted,  results  obtained  from  this  research  program 
indicated  that:  a)  dry  density  of  compacted  frozen  soil  decreases  in  a 
manner  related  to  the  amount  of  ice  in  the  void  spaces  (ice  saturation)! 
b)  there  is  no  discernible  optimum  moisture  content  for  soils  that  are 
compacted  while  frozen;  c)  additives  can  be  effective  in  reducing  the 
detrimental  effect  of  low  temperatures  on  dry  densities!  d)  if  enough 


J 


j 


l 

i 

i 


i 

! 


2 


T 


l 

i 


; 


i 


y 


l 


k 


additive  is  used  (approximately  2%  for  a temperature  of  -7°C),  he  pore 
water  will  remain  unfrozen  and  low  temperature  has  no  effect  on  the  com- 
paction characteriatics  of  the  soil;  and  e)  increasing  compactive  effort 
has  only  a marginal  effect  on  the  dry  densities  of  the  compacted  frozen 
soi] . 


II.  REVIEW  OF  LITERATURE 


The  literature  of  soil  compaction  is  comprehensive  and  covers  a 
wide  range  of  topics.  No  attempt  was  made  on  this  review  to  cover  all 
of  the  literature  within  this  broad  field.  Rather,  theories  and  dis- 
cussions were  selected  that  will  be  useful  for  understanding  the  material 
presented  in  the  remaining  parts  of  the  report.  Four  general  areas  are 
of  primary  interest:  a)  the  theories  used  to  explain  the  compaction 
process,  b)  the  factors  that  affect  laboratory  compaction  test  results, 
c)  the  use  of  additives  as  an  aid  in  compaction,  and  d)  the  frozen  soil 
system. 

A.  Mechanism  of  Compaction 


Since  the  development  of  standard  compaction  tests  in  the  1930's  by 
Proctor,  attempts  have  been  made  to  explain  the  mechanism  involved  in 
the  compaction  process.  Theories  developed  progressively  from  u mechanical 
theory  based  on  the  lubricating  effect  of  the  pore  water  through  vIscoub 
water  and  physico-chemical  theories  to  the  unifying  approach  of  the  ef- 
fective stress  concept.  None  of  the  theories  is  completely  satisfactory 
for  all  soil  types,  but  the  effective  stress  concept  is  most  likely  to 
provide  a single  valid  explanation  to  the  compaction  process  once  the 
experimental  difficulties  of  measuring  pore  pressure  In  unsaturated 
soils  have  been  resolved. 

1.  Proctor's  Theory 

Proctor,  in  his  landmark  work,  "Fundamental  Principles  of  Soil 
Compaction"  (1*2),  postulated  that  the  dry  density  of  a compacted  soil 
was  affected  by  the  pore  moisture  in  two  ways:  a)  by  induced  capillary 
forces,  and  b)  by  lubrication  of  the  soil  particles. 

In  discussing  capillary  forces,  he  noted  that  the  moisture  in  an 
unsaturated  soil  was  held  tightly  in  place  by  surface  tension'.  The 
capillary  forces  that  resulted  from  Joined  moisture  tension  films 
caused  high  frictional  resistance  between  particles  and  resisted  com- 
paction. The  addition  of  water  reduced  these  capillary  forces  and 
permitted  the  soil  particles  to  move  apart  more  freely,  thuB  reducing 
the  frictional  resistance.  At  the  same  time  the  capillary  forces  were 
being  reduced,  the  increased  pore  water  lubricated  the  particles,  further 
reducing  interparticle  friction  and  allowing  better  compaction  of  the  soil. 
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Later  investigation  has  shown  that  pore  water  doesn't  necessarily 

act  as  a lubricant}  in  fact,  some  materials  (quartz  and  feldspar 
minerals)  shov  a submerged  coefficient  of  friction  five  times  the  oven- 
dry  value • Thus,  according  to  Proctor,  a well  graded  quartz  sand  should 
have  its  maximum  density  in  the  dry  state,  when  in  fact  its  moisture 
density  curve  resembles  that  of  other  soils  (4o). 

2.  Viscous  Water  Theory 

In  another  early  attempt  to  explain  compaction,  Hogentogler  (20) 
presented  the  viscous  water  theory  of  compaction.  He  recognized  that 
water  is  adsorbed  onto  the  surface  of  soil  particles,  and  stated  that 
the  first  adsorbed  water  layer  was  highly  cohesive,  with  successive 
layers  decreasing  in  oohesiveness  with  increased  distance  from  the  particle 
surface.  He  further  reasoned  that  low  water  contents  would  produce 
layers  of  high  viscosity,  resulting  in  high  shearing  strength  which 
would  produce  low  dry  densities.  At  high  water  contents  the  opposite 
is  true,  as  the  adsorbed  layers  are  thicker  and  less  cohesive  with  low 
shear  strengths.  Finally,  at  some  water  contents,  above  optimum,  addi- 
tional water  can  only  act  to  lubricate  the  soil  particles. 

This  theory  is  no  longer  considered  to  be  a valid  explanation  of 
the  mechanism  involved  in  compaction.  However,  it  is  the  flrBt  recog- 
nition of  the  importance  of  the  double  lsyer  effects  on  compaction. 

3.  Physico-Chemical  Theory 

Lambe  (30),  in  the  early  1960's,  presented  an  explanation  of  the 
compaction  process  for  clays  that  involved  surface  chemistry  and  soil 
structure.  He  stated  that  at  low  water  contents  a high  electrolyte 
concentration  was  present  in  the  pore  water.  This  reduced  the  osmotic 
repulsion  between  particles  and  allowed  flocculation  to  occur.  Floccu- 
lation was  assumed  to  produce  high  strength  and  low  densities. 

As  the  water  content  is  increased,  the  electrolyte  concentration 
of  the  pore  water  decreases,  allowing  the  double  layer  to  develop.  This 
produces  a dispersed  soil  structure  which  permits  the  soil  particles  to 
slide  past  one  another  forming  a more  compact  configuration. 

Seed  et  al.  (U4),  in  discussing  compaction  of  cohesive  soils, 
concluded:  "For  a given  density  and  water  content  the  structure  of  a 
clay  determines  the  pore  water  pressures  developed  and  these  in  turn 
determine  the  strength."  They  further  stated  that  the  structure  of 
clay  is  dependent  on  various  physico-chemical  factors  such  as  molding 
water  content,  electrolyte  concentration  and  method  of  compaction. 
Typically,  on  the  dry  sids  of  optimum  water  content  a flocculated  struc- 
ture and  low  pore  pressure  are  obtained.  On  the  vet  side  of  optimum,  a 
dispersed  structure  and  high  pore  water  pressure  are  the  usual  case. 
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4.  Effective  Stress  Theory 

In  soil  mechanics,  shear  strength  is  directly  proportional  to  ef- 
fective stress,  where  the  effective  stress  is  equal  to  the  total  stress 
minus  the  pore  pressure.  This  relationship  is  fundamental  to  understanding 
the  behavior  of  soils  under  imposed  loadB.  Compaction,  being  another  type 
of  loading,  should  also  be  related  to  the  developed  effective  stresses. 
However,  compaction  is  done  on  unsaturated  soil  and  evaluation  of  the  pore 
pressure  requires  a knowledge  of  the  pressure  developed  in  both  the  pore 
water  and  pore  air. 

Bir»hop  (5)  studied  the  development  of  effective  stresses  in  partially 
saturated  soils  and  modified  the  basic  expression  for  effective  stress 
to  include  a term,  x»  that  varies  with  saturation.  His  equation  for  ef- 
fective stress  in  unsaturated  soil  is 


where 


o*o-  «w<x)  - \(l-x) 


effective  normal  stress 


(II-1) 


o « total  normal  stress 
« pore  water  pressure 
ua  * pore  air  pressure 
X * coefficient  that  varies  with  saturation. 

Langf elder  and  Nivargikas  (32)  BuggeBted  that  the  term  involving 
the  pore  air  pressure  is  insignificant  and  eq  11-1  can  be  rewritten  as 


o *o-  uw(x). 


(II-2) 


In  unsaturated  soils,  u is  negative  (capillary  pressure)  and  becomes 
less  negative  as  the  water  content  increases.  The  x-f&ctor  increases 
from  zero  up  to  a value  close  to  unity  at  the  optimum  water  content. 
Beyond  the  optimum,  saturation  is  constant  and  x remains  constant. 

Using  these  qualitative  observations,  the  development  of  effective  Btress 
at  various  water  contents  can  be  described. 

Olson  (40^  in  his  effective  stress  theory  of  soil  compaction,  also 
started  with  Bishop's  equation  and  with  the  aid  of  Okempton's  pore  pres- 
sure parameters  defined  the  pore  air  and  pore  water  pressures  as: 


Sw  ^Ao3  + VAol  " Ao3)] 
[ do j - do3)] 


(11-3) 

(ii-U) 
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where 


■ change  in  pore  water  pressure 

Au  ■ change  in  pore  air  pressure 
01 

Z?v,  Ba,  Aw,  A&  ■ 3kempton's  empirical  parameters 

AOj  ■ change  in  minor  principal  total  stress 

Ao^  »■  change  in  major  principal  total  stress. 

Substituting  these  equations  into  Bishop's  equation  results  in  an  ex- 
pression for  effective  stress  in  unsaturated  Boils.  Obviously,  the 
resulting  expression  contains  four  parameters  and  the  effective  stress 
for  given  compaction  conditions  can  only  be  determined  once  these  values 
are  known. 

Seed  et  al.  (44)  defined  pore  pressure  as  a summation  of  two  terms! 
a)  the  pore  air  pressure  u j and  b)  the  capillary  pressure  « , The  pore 
air  pressure  is  determinedusing  Boyle' s law  of  compressibility  and 
Henry's  law  of  solubility  of  air  in  water.  The  capillary  pressure  term 
is  developed  by  considering  surface  tension  effects. 

B.  Factors  Influencing  Compaction  Results 

Compaction  tests  in  the  laboratory  are  subject  to  many  factors  that 
cauBe  variations  in  maximum  densities  and  optimum  water  contents.  Generally, 
variations  in  test  results  can  be  caused  by  sample  preparation  techniques, 
magnitude  and  method  of  compaction,  equipment  (mold  size),  soil  properties 
and  test  temperature  (23).  For  a testing  program  conducted  using  standard 
procedures  (ASTO  or  AASHO),  many  of  the  factors  wi31  be  significant 
only  if  the  results  are  compared  with  tests  conducted  using  different 
procedures,  Some  of  the  factors  that  affect  compaction  are  not  related 
to  teBt  procedure  and  influence  teBt  results  even  if  a standard  pro- 
cedure 1b  used.  Soil  type,  grain  Bize  and  gradation,  and  test  tempera- 
ture fall  into  this  category.  Since  all  tests  conducted  in  this  research 
were  performed  on  a single  soil  type  in  accordance  with  AASHO  procedures, 
only  the  effect  of  compaction  energy  and  test  temperatures  will  be 
discussed. 


1.  Compaction  Energy 


The  total  energy  applied  to  a soil  (compactive  effort)  is  the  greatest 
single  factor  influencing  the  maximum  unit  weight  and  optimum  moisture 
content  in  a compacted  soil  (23). 

Compaction  energy  can  be  applied  to  the  soil  by  impact,  vibration 
and  kneading  methods.  For  standard  AASHO  or  ASTM  test  methods,  the 
compaction  energy  CE  is  applied  by  impact  hammer,  and  the  total  energy 
applied  to  a sample  is  determined  from  the  equation 
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r„  . (No.  of  layers) (No.  of  blows  per  layer )(Wt  of  hammer )( Drop  of  hammer) 

Volume  of  mold 

For  the  Standard  AASHO  test  procedure,  using  a 6-in.  mold,  the  com- 
paction energy  is  12,375  ft-pcf.  Modified  AASHO  compaotive  effort  with 
a 6-in.  mold,  is  56,250  ft-pcf. 

Numerous  tests  have  shown  that  increasing  compaotive  effort  increases 
the  maximum  dry  density  and  decreases  the  optimum  water  content  for  tests 
on  the  same  soil.  The  magnitude  of  the  increase  in  maximum  dry  density 
is  a funotion  of  soil  type  and  compaction  procedure.  For  a sandy  soil 
(with  an  absence  of  different  particle  sizes),  this  increase  iB  in  the 
range  of  5-10  pcf  when  comparing  Modified  AASHO  to  Standard  AASHO  test 
results. 

It  was  noted  that  the  compaction  energy  is  a function  of  the  number 
of  layers  used  in  compacting  the  soil  sample.  This  implies  that  an 
equal  amount  of  the  total  energy  will  be  applied  to  each  layer  producing 
a oompaated  sample  of  uniform  density  throughout.  ThuB,  it  is  necessary 
to  carefully  control  the  layer  thiokness  during  the  compaction  process 
if  test  results  are  to  be  representative  of  the  actual  unit  weight  of 
the  soil. 


2.  Temperature 

Highter  et  al.  (19)  recognized  that  low  temperature  compaction  is 
approximately  equivalent  to  reducing  the  effective  compaotive  effort, 
and  found  that  a decrease  in  compaction  temperature  results  in  a decrease 
in  unit  weight,  degree  of  saturation,  and  undrained  strength.  They 
noted  that  cold  but  unfrozen  soil  may  be  successfully  field  compacted  by 
increasing  the  level  of  compaotive  effort. 

Lee  and  Hbu  (33)  also  investigated  the  relationship  between  water 
content  and  temperature  in  unfrozen  soil.  Their  research  illustrated 
that  temperature  variation  had  no  significant  influence  on  soils  at  low 
water  contents.  The  range  of  water  contents  showing  negligible  tempera- 
ture effects  is  0 to  1%  for  soils  with  a liquid  limit  (LL)  less  than  30 
and  from  0 to  about  13%  for  soils  with  a LL  greater  than  70.  As  water 
oontents  approach  optimum,  the  effect  of  temperature  has  a more  pro- 
nounced influence  on  the  results  of  the  compaction  curve.  The  effect 
of  temperature  on  the  wet  side  of  optimum  water  content  was  small  for  all 
soils  tested. 

Other  authors  (7,2b)  also  noted  higher  densities  when  test  tempera- 
tures were  inoreaeed  from  near  freezing  to  75°F  (2b°C).  Typically, 
increases  in  maximum  dry  density  were  from  3-5  pcf  for  granular  soils, 
and  up  to  11  pcf  for  some  fine-grained  Boils. 
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Johnson  and  Sallberg  (23)  found  that  when  compacting  a sandy  soil 
a decrease  in  dry  density  of  2 - 3 pof  occurred  as  a result  of  lowering 
the  temperature  from  75°F  to  lO°F  (2^°C  to  5°C).  They  also  cited  re- 
sults from  the  compaction  investigation  shown  in  Figure  II-l.  This 
figure  depicts  Standard  and  Modified  AASHO  compaction  curves  for  a fine 
sand  compacted  at  temperatures  of  71*,  30,  20  and  106F  (23,  -1,  -7,  and 
-12°C),  and  clearly  shows  the  large  reduction  in  soil  unit  wieght  caused 
by  temperatures  below  32°F  (0°C), 


Kaplar  (27)  obtained  data  from  the  Swedish  Geotechnical  Institute 
on  compaction  studies  of  soils  treated  with  chemicals  down  to  temperatures 
as  low  as  -15°C.  These  data  show  that  at  temperatures  of  0°C  and  lower 
the  dry  unit  weight  of  soils  dropped  significantly  with  decreasing  tem- 
perature and  increasing  water  content. 

C.  Use  of  Calolum  Chloride  in  Compacted  Soils 

The  effect  of  calolum  chloride  on  soil  compaction  at  temperatures 
above  freezing  has  been  extensively  researched  (lb,  22,  1*5 , 50,  5 6). 

The  general  results  of  these  studies  shows  that  higher  densities  and 
lower  optimum  water  contents  are  obtained  when  soils  are  treated  with 
calcium  chloride. 

Typically,  Johnson  (22)  found  that  addition  of  up  to  3%  of  calcium 
chloride  by  weight  of  soil  caused  an  increase  in  dry  density  for  six  gran- 
ular soils  of  approximately  1.5$.  In  another  research  study  (45)*  the 
addition  of  0.5!*  of  calcium  chloride  increased  the  dry  density  at  optimum 
water  content  for  an  unwashed  bank  run  gravel  by  approximately  the  same 
amount.  Others  (23,56)  are  in  agreement  on  the  effect  of  calcium  chloride 
on  granular  soil.  However,  the  magnitude  of  the  improvement  in  maximum 
dry  densities  for  granular  soils  is  small,  and  Slate  and  Yalcin  (45) 
observed  that  the  effect  of  calcium  chloride  was  minimal  when  the  amount 
of  fineB  in  the  soil  was  less  than  5)5. 

Calcium  chloride  affects  the  soilB  in  two  ways:  a)  causing  colloidal 
reactions,  and  b)  altering  the  characteristics  of  the  pore  water.  The 
most  beneficial  changes  are  due  to  altering  the  characteristics  of  the 
pore  water  by  lowering  the  vapor  pressure  and  depressing  the  freezing 
point  (55). 

Gow  et  al.  (l4),  considering  only  the  fine-grained  portion  of  the 
soil,  explained  the  compaction  mechanism  in  terms  of  the  diffuse  double 
layer  conoept.  According  to  this  concept  the  clay  particles,  with  their 
negative  surface  charges  and  diffused  layer  of  oriented  pore  fluid, 
produoe  repulsive  forces  which  resist  the  compactive  energy  and  cause 
low  densities.  As  calcium  ions  are  added  to  the  pore  water,  the  thickness 
of  the  double  layer  is  reduced,  allowing  the  soil  particles  to  come  into 
closer  contact,  thus  resulting  in  higher  densities.  Continued  addition 
of  oalcium  ions  (or  reduction  in  water  content)  depresses  the  double 
layer  until  interparticle  attractive  forces  are  equal  to  the  repulsive 
forces  (optimum  water  content).  Beyond  thiB  point,  the  attraction  of 
Boil  particles  causes  flocculation  of  the  soil  and  Increased  energy  is 
required  to  overcome  the  interparticle  attractive  forces. 

Calcium  chloride  when  added  to  water  also  increases  the  surface 
tension  of  the  resulting  solution,  increasing  capillary  pressure  between 
soil  grains.  The  increased  capillary  pressure  causes  increased  effective 


stresses  within  the  compacted  soil,  resulting  in  lower  unit  weights  (14). 
This  phenomenon  is  particularly  important  in  the  regions  of  low  saturation 
and  may  supplement  the  interparticle  attractive  forces  due  to  double  layer 
effects. 

D.  The  Frozen  Soil  System 

The  components  of  the  frozen  soil  system  inolude  soil,  unfrozen 
pore  water,  ice  and  entrapped  air.  The  relationship  between  these 
components  and  the  proportions  of  each  affect  the  structure  and  mechanical 
properties  of  the  entlro  system.  For  a closed  system  with  limited 
moisture  migration  during  the  freezing  process,  the  condition  of  the  pore 
water  and  its  associated  pore  ice  is  the  most  important  factor  affecting 
the  behavior  of  frozen  soils. 

1.  Pore  Water 

Unfrozen  pore  water  may  exist  in  soils  at  temperatures  below  the 
freezing  point  in  the  form  of  water  vapor  in  the  pore  spaces  and  double 
layer  water  attracted  to  the  surface  of  the  soil  particles  (51).  Water 
vapor,  whioh  is  important  in  explaining  formation  of  ice  lenses  in  soils 
above  the  groundwater  table,  is  known  to  exist  even  at  temperatures  as 
low  as  -lvO°C  (51)*  However,  water  vapor  is  not  an  important  factor  in 
explaining  the  strength  of  frozen  soils  or  their  resistance  to  compaction. 

Strength  of  a aoil-ioe  system  is  significantly  affected  by  the  double 
layer  water  under  the  Influence  of  particle  Burfaoe  forces.  At  large 
distances  from  tha  particle  surface,  the  attractive  forces  are  quite 
Bmall,  and  the  energy  required  to  overcome  them  and  crystallize  the 
water  is  provided  by  temperatures  only  Blightly  below  0°0.  Typically, 
temperatures  of  -0.2  to  -1.2°C  are  required  to  freeze  this  water.  The 
water  that  is  attached  directly  to  the  surface  of  the  soil  particle  is 
held  firmly  by  strong  attractive  forces  and  requires  very  large  mounts 
of  energy  to  cause  crystallization.  ThiB  water  may  not  freeze  even  at 
temperatures  as  low  as  -186°C  (51)-  The  net  result  is  that  Boils, 
depending  on  specific  surface  area  and  net  surface  charge,  may  have  from 
5 to  50X  unfrozen  water  even  at  low  temperatures. 

Pore  water  in  sands  is  subject  to  the  same  particle  forceB  as  in 
clayey  soils,  but  sands  have  vary  small  surfaoe  areas  in  comparison  to 
clays.  Therefore,  at  any  water  content  the  freezing  point  of  all  pore 
water  is  close  to  0°C  and  at  temperatures  down  to  -10°C,  only  0.2-2.0JJ 
of  the  water  remains  unfrozen  (52). 

2.  Pore  ice 

As  the  temperature  is  lowered  below  the  freezing  point  of  the  pore 
fluid,  crystallization  occurs  and  the  strength  of  the  soil  increases  sub- 
stantially. 
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Vialov  (52),  in  explaining  the  strength  of  frozen  soils,  listed 
three  mechanisms  for  development  of  shear  strength  of  frozen  soils.  The 
most  important  is  the  cementation  resulting  from  bonding  of  ice  crystals 
to  the  soil  particles.  He  noted  that  this  cementation  is  highly  variable 
and  is  dependent  on  the  amount  and  nature  of  the  pore  ice,  which  may  be 
affected  by  temperature,  loading  rate,  direction  of  freezing  and  tempera- 
ture history. 

3.  Strength  of  Frozen  Soils 

The  shear  strength  of  frozen  soil  is  dependent  not  only  on  the  pore 
ioe,  but  also  is  a function  of  the  type  and  amount  of  soil  and  other 
components  in  the  system  auch  as  air  bubbles,  dissolved  salts  and  organic 
matter  (13). 

Jumikie  (25)  presented  a summary  of  the  unconfined  strength  of 
frozen  soils,  reproduced  3n  Table  II-l.  Using  the  data  in  the  table,  it 
can  be  seen  that  in  genera!  strength  of  frozen  soils  increases  with;  a) 
increased  water  content,  d)  decreased  temperature,  and  c)  increased 
particle  size. 


Table  11-1.  Typical  compressive  BtrengthB  of  frozen  soils* 

2 

Soil  Type CompreaBive  etrf.„Kch  (kg/cm 

-.10°C  -20°C 

Fine  sand,  S-100*  120 

Fine  sand,  S-  75*  77  136 

Fine  sand,  S-  50*  52  109 

Pure  clay.  S»100* 55 

* After  Jumikis  (25) 


A.  Soil 

The  soil  selected  for  this  investigation  was  one  of  marginal  froBt 
susceptibility.  It  vae  obtained  from  a site  near  the  Houghton  County 
Airport,  Houghton,  Michigan.  It  was  transported  in  bulk  quantities  from 
its  natural  location  to  the  testing  Bite  where  it  was  blended  and  stored 
in  Bealed  barrels.  The  uniformity  of  the  stored  material  was  confirmed 
by  grain  size  analysis  performed  on  selected  samples  token  from  stored 
soil.  Typioal  results  of  these  tests,  plotted  in  Figure  III-l,  show  that 
approximately  20*  of  the  soil  passes  the  #200  U.8.  Standard  sieve  size, 
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FIGURE  1 1 1-1  TYPICAL  GRADATION  CURVE  FOR  THE  TEST  SOIL, 


with  k%  of  the  Boil  being  finer  than  0.02  mm  in  effective  particle 
diameter.  The  specif icgravity  of  the  soil  ia  2.69  and  the  permeability 
ia  approximately  1 x 10_It  cm/aec. 

Texturally  the  soil  is  classified  as  a silty  sand.  The  Unified 
Engineering  Classification  is  SM  and  the  AASHO  classification  is  A-2-6(0). 
Using  the  Corps  of  Engineers  criteria,  the  frost  susceptibility  classi- 
fication is  F 2(b),  low  to  medium. 

As  an  aid  in  reproducing  field  conditions  in  the  laboratory, 
several  in  situ  field  density  tests  were  performed.  These  tests  yielded 
the  following  average  values:  dry  density,  66.0  pcf;  moisture  content, 
17.8J(;  and  soil  passing  the  #200  U.S.  Standard  sieve  size,  20. 8£. 

B,  Additives 

Two  additives  were  used  in  the  course  of  the  testing  program.  The 
principal  additive  was  a calcium  chloride  manufactured  by  PPG  Industries, 
Inc.,  Pittsburg,  Pennsylvania.  The  salt  is  the  high-test  flake  variety 
with  a calcium  chloride  content  of  9h  to  9f%>  Several  test  aerieB  were 
performed  using  sodium  chloride  as  an  additive.  It  waB  a high  quality 
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kosher  pan  salt  obtained  from  the  Morton  Salt  Company, 
mately  99*  5J6  pure  sodium  chloride. 


It  is  approxi- 


Solubility  and  freezing  point  depression  characteristics  for  pure 
calcium  and  sodium  chloride  can  be  obtained  from  the  International 
Critical  Tables  (21)  or  the  Handbook  of  Chemistry  and  Physics  (17). 

The  freezing  point  depression  characteristics  for  the  tvo  additives  are 
included  in  Table  IIX-1. 


Table  III-l.  Temperature  depression  characteristics  for 
calcium  chloride  and  sodium  chloride  (17). 


: 

A* 

NACL  A C 
(°) 

CACL2A  c 
(°) 

i 

1.00 

0.59 

0.66 

I 

2.00 

1.19 

0.88 

1 

i 

3.00 

1.79 

1.33 

4.00 

2.4l 

1.82 

i 

{ 

5.00 

3.05 

2.36 

) 

U 

6.00 

3.69 

2.94 

i 

{ 

7.00 

4.36 

3.58 

{ 

i 

8.00 

5.05 

4.28 

9.00 

5.78 

5.04 

t 

10.00 

6. 54 

5.85 

l: 

10.58 

7.00 

!' 

> 

11.00 

7.33 

6.73 

11.28 

7.00 

t 

12.00 

8.16 

7.69 

l 

f 

14.00 

9.93 

9.81 

i 

16.00 

11.88 

12.28 

17.92 

15-00 

l 

18.00 

14. 04 

15.11 

t 

I' 

20.00 

16.45 

#A  * Anhydrous  compound  weight  grams  solute/100  g solution. 


C.  Equipment 


When  soils  are  compactadi  it  is  necessary  to  apply  enough  oompac- 
tive  effort  to  break  down  any  large  chunks  of  Boil  and  prevent  any  large 
voids  from  remaining  in  the  compacted  soil  mass.  For  a soil  that  is 
frozen,  the  compaction  process  is  more  difficult,  since  frozen  soIIb 
are  usually  a mass  of  chunks  in  which  the  individual  particleB  are  bound 
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together  "by  the  cohesion  of  the  ice.  Since  the  size  of  the  chunks  that 
result  from  excavating  a frozen  soil  vary  substantially  with  the  exca- 
vation method,  soil  texture  and  water  content,  an  attempt  to  prepare 
frozen  samples  that  had  essentially  a constant  Bize  of  frozen  chunkB 
was  developed. 

A constant  size  was  achieved  by  forming  the  individual  chunks  in  an 
ice  cube  tray,  Each  tray  contained  3 6 tapered  cubes  with  an  edge  dimen- 
sion of  0.8  in.  The  soil  used  to  form  ea-..h  of  the  chunks  was  pressed 
into  the  trays  with  an  air  operated  loading  press.  The  press  was  con- 
structed in  the  shop  at  Michigan  Technological  University  and  1b  activated 
by  an  electrical  relay  which  opens  an  air  regulating  valve.  Once  the 
switch  is  activated,  the  press  moves  down  and  applies  a predetermined 
load  to  each  of  the  soil  cubes.  The  load  was  measured  using  a proving 
ring.  The  concrete  head  of  the  loading  press  was  constructed  by  using 
one  of  the  ice  cube  trays  aB  a form  so  it  would  exactly  fit  the  soil 
aubes  being  loaded.  A photograph  of  the  soil  loading  press  is  shown  in 
Figures  III-2A  and  233. 

Although  some  variation  can  be  expected  using  this  device,  the  average 
dry  density  of  the  cubes  formed  in  the  trays  was  close  to  85  pcf . As  a 
means  of  checking  the  effect  of  the  prefreezing  density  on  the  compaction 
of  frozen  soil,  a series  of  identical  teBts  was  conducted  using  pro- 
freezing densities  of  8l,  85,  and  89  pcf.  The  resulting  compacted  frozen 
dry  densities  are  shown  in  Figure  III-2C.  This  figure  indioateB  that 
the  prefreezing  density  of  the  soil  has  at  most  a minor  effect  on  the 
resulting  compacted  frozen  dry  densities. 

2,  Mechanloal  Soil  Compactor 

All  compaction  tests,  in  the  laboratory  and  in  the  coldroom,  were 
performed  using  a Soil  teBt  mechanloal  compactor.  Series  CN-b230. 

For  Standard  AASHO  compaction,  the  compactor  wbb  used  with  a 6-in.  mold 
and  a 5. 5-lb  hammer  having  a 12-in.  drop.  For  Modified  AA8H0  compaction 
using  a 6-in.  test  mold,  the  hammer  weight  was  increased  to  10  lb  with 
an  18- in.  drop.  The  compaction  mold,  mounted  on  a circular  base,  rotates 
automatically  in  a random  pattern  to  ensure  good  coverage  of  the  soil 
surface.  An  automatic  counter  registers  the  number  of  blows  per  com- 
paction layer  and  can  be  preset  to  stop  the  machine  at  a specified  number 
of  blows.  The  compactor  performed  satisfactorily  even  at  test  tempera- 
tures aB  low  as  -15°C.  A soil  sample  being  compacted  in  the  coldroom 
using  the  mechanical  oompactor  is  shown  in  Figure  III-3. 

3.  Sand  Cone 

After  compaction  has  been  completed,  it  is  necessary  to  trim  all 
excess  soil  from  the  compaction  mold.  This  process  is  Impractical  with 
frozen  soil,  as  striking  off  the  mold  with  a steel  straight  edge  dis- 
lodges material  so  that  a level,  void- free  surface  cannot  be  readily 
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obtained.  Campen  (8)  suggested  a method  which  eliminates  trimming,  and 
a similar  procedure  was  adopted  for  the  tests  conducted  on  frozen  soil. 

In  this  method  a cone  of  known  volume  is  attached  to  the  top  of 
the  compaction  mold.  Then  the  cone  and  any  space  above  the  irregular 
B’U’faee  of  the  compacted  Bsjnple  arc  filled  with  sand.  By  subtracting 
the  known  volume  of  the  cone  from  the  total  volume  of  sand  used  to  fill 
the  cone  and  the  space  o' ove  the  compacted  soil  sample,  the  correct 
volume  of  the  soil  in  the  mold  can  be  calculated.  The  various  volumes  of 
sand  were  determined  by  weighing  the  amount  of  Band  used  during  the  volume 
determination  and  calculating  the  volume  using  an  appropriate  relation- 
ship between  weight  and  volume.  CaJibration  tests  at  -7°C  proved  the 
limits  of  accuracy  to  be  + C.25#  the  volume  of  the  mold.  This  results 
in  a possible  error  of  + O.TT  pof  for  < sample  with  a dry  density  of 
1QO  pcf . 

The  sand  cone  is  very  sensitive  to  vibration,  a limitation  innate 
to  the  device.  Extreme  car  was  taken  so  all  tests  were  vibration  free. 

A photo  of  the  sand  cone  is  shown  in  Figure  TTI-4. 

D.  Testing  Procedure 

1.  Compaction  - Above  Freezing  Temperature 


When  compaction  tests  were  conducted  at  a temperature  of  SO’C,  the 
soil  was  compacted  according  to  the  procedure  outlined  in  '.ASHO  T99  for 


standard  compactive  effort,  or  AASHO  TlSO  for  modified  compactive  effort. 

To  follow  these  procedures,  the  soil  was  taken  from  the  storage  barrels, 
weighed  and  mixed  with  an  appropriate  amount  of  water.  The  soil  was 
blended  with  an  eleotric  mixer  until  the  moisture  was  uniformly  distri- 
buted. If  an  additive  were  to  be  used,  it  was  added  with  the  water. 

After  mixing,  the  prepared  soil  was  sealed  in  plastic  bags  and  stored  at 
room  temperature  for  20  hours  prior  to  compaction.  Compaction  of  the  soil, 
and  the  moisture  and  dry  unit  weight  determinations,  were  performed  in 
the  conventional  manner  according  to  the  appropriate  AASHO  procedure. 

2,  Compaction- Below  Freezing  Temperature 


The  testing  procedure  at  temperatures  below  0°C  Involved  a number 
of  deviations  from  the  conventional  method  of  Bample  preparation  and 
testing.  To  prepare  the  soil  for  compaction,  the  water  and  additive 
were  mixed  as  outlined  above.  After  mixing  was  completed,  the  soil 
was  placed  into  the  ice  cube  trays  to  form  the  frozen  soil  cubes.  Since 
the  trays  were  not  rigid,  a hardwood  board  was  placed  under  each  tray  to 
prevent  flexure  and  facilitate  the  static  loading  process.  The  number 
of  trays  required  for  each  compaction  test  varied  from  seven  to  twelve, 
depending  on  the  water  content  and  the  amount  of  additive.  Each  tray 
was  subjected  to  static  load  by  the  soil  loading  press  to  achieve  the 
required  prefreezing  density  of  85  pcf.  The  magnitude  of  the  load  de- 
pended on  the  water  content  of  the  soil.  All  trays  having  a common  water 
content  were  plaoed  together  in  individual  wells  on  a sheet  of  Styrofoam 
and  moved  to  the  coldroom  for  freezing  at  the  selected  test  temperature. 
By  exposing  only  the  top  of  the  soil  to  the  cold,  freezing  took  place  in 
a unidirectional  manner.  Moisture  loss  in  the  coldroom  wbb  prevented 
by  sealing  the  prepared  samples  in  plastic  bags.  The  prepared  samples 
were  allowed  to  freeze  for  20  hours  prior  to  testing. 

Compaction  in  the  coldroom  began  by  removing  the  ice  cube  trays  from 
the  Styrofoam  wells  and  extracting  the  frozen  soil  cubes  from  the  trays. 
The  total  number  of  cubeB  of  a constant  water  content  was  divided  by  the 
number  of  layers  required  by  the  compaction  machine.  When  compaction  web 
completed,  the  soil  and  mold  were  weighed. 

If  no  additive  was  used  at  the  time  of  preparation,  trimming  of  the 
frozen  compacted  samples  was  extremely  difficult.  In  this  situation 
the  volume  of  the  compacted  sample  waB  determined  by  using  the  sand 
cone  method  described  above.  When  an  amount  of  additive  greater  than 
1. 0%  was  used  in  preparing  the  sample,  the  pore  water  was  not  completely 
frozen  and  the  volume  of  soil  was  determined  by  conventional  trimming  as 
in  the  AASHO  test  method. 


Extracting  the  frozen  samples  for  moisture  determination  was  a 
problem  when  the  pore  water  was  completely  frozen.  The  problem  was 
alleviated  by  wrapping  a heat  tape  around  the  compaction  mold  and  fixing 


it  with  an  adhesive  tape.  Applying  standard  wall  current  to  the  heat 
tape  melted  enough  of  the  ice  on  the  outside  of  the  soil  sample  so 
the  soil  could  be  extruded  from  the  mold  after  several  minutes.  Three 
samples  from  each  compacted  specimen  were  taken  to  determine  the  average 
moisture  content.  These  samples  were  weighed  and  allowed  to  dry  over- 
night at  a temperature  of  105°C  before  the  dry  weights  were  obtained. 


IV.  EXPERIMENTAL  RESULTS 

The  primary  emphasis  of  the  test  program  was  directed  toward 
determining  the  effect  of  low  temperature  on  the  compaction  character- 
istics of  soils,  Other  researchers  (2,  19,  37,  39)  have  investigated 
the  effect  of  temperature  on  compaction  in  the  region  above  the  freezing 
point  of  water,  and  some  (23,  27)  have  noted  results  from  compaction 
tests  on  soils  in  which  the  pore  fluid  was  frozen.  From  the  results  of 
the  other  researchers,  some  general  trends  were  anticipated,  and  the 
experimental  results  presented  herein  duplicate  parts  of  their  investi- 
gations. However,  the  testa  conducted  as  part  of  this  research  included 
an  additional  effort  to  determine  possible  compaction  improvement 
measures,  primarily  by  using  an  additive,  but  alBO  by  increasing  com- 
pactive  effort. 

i The  experimental  program  was  designed  to  determine  the  effect  of  a 

number  of  variables  on  the  compaction  characteristics  of  a selected 
i soil.  Possible  variables  included  temperature,  additive  type,  additive 

! amount,  and  compactive  effort. 

j In  order  to  study  the  effect  of  the  several  variables,  a series  of 

j compaction  tests  was  conducted  over  a range  of  moisture  contents  while 

I holding  all  variables  constant.  Then  one  of  the  test  variables  changed 

and  the  series  was  repeated.  Each  serieB  of  tests  was  duplicated 

i several  times  to  obtain  sufficient  points  to  ensure  only  reasonable 

j laboratory  variations.  The  results  from  each  test  series  were  calculated, 

and  the  moisture-density  relationship  for  a constant  set  of  test  con- 
ditions was  determined  by  a computer  routine  that  used  a least  squares 
curve  fitting  technique.  The  curves  shown  on  all  the  graphs  in  this 
section  are  the  regression  lines  calculated  and  plotted  by  the  computer. 

To  facilitate  .omputer  plotting,  a common  scale  is  used  on  all  the 
j graphB.  This  causes  the  curves  to  appear'  flatter  than  would  be  normally 

{ expected. 

f 

■j  A.  Compaction  Testa  (+20°C) 

£ " 

J The  initial  phase  of  the  testing  involved  compaction  of  the  soil 

j at  room  temperature  and  Standard  AASHO  compactive  effort.  This  phase 

| of  the  testing  was  done  to  obtain  the  normal  compaction  characteristics 

I of  the  soil  and  to  establish  a frame  of  reference  for  the  remaining 
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parts  of  the  test  program.  The  resultB  of  this  testing  are  shown  in 
Figure  IV-1.  The  moisture-density  curve  haB  the  shape  expected  for  a 
fine  silty  sand.  The  maximum  dry  density  is  approximately  107  pcf  at  a 
moisture  content  of  13*?£<  The  increase  in  dry  density  at  low  water  con- 
tents is  typioal  of  a soil  with  a large  amount  of  fine  sand  (hulking), 
and  is  related  to  the  interruption  of  capillary  forces  and  the  large 
effective  stresses  that  go  with  these.  foroeB. 


FUME  IV-1  MOVE  EUEZIM  HOIITUMHKMITY  KUTIOttttll*  M*  WE  TEST  SOIL  NIW  NO  ADDITIVE. 

A largo  part  of  the  experimental  program  concerned  the  effect  of 
an  additive  on  the  compaction  characteristics  of  the  test  soil.  Calcium 
chloride  haB  been  used  extensively  in  the  paBt  as  a soil  additive i and 
several  aeries  of  tests  were  conducted  to  verify  the  results  of  worn 
done  by  others,  and  to  note  the  effect  of  an  additive  on  the  soil  -cype 
used  in  this  program.  Room  temperature  tests  at  Standard  AASHO  com- 
pactive  effort  vere  conducted  using  1.0)1  calcium  chloride.  The  effects 
of  the  calcium  chloride  on  the  compaction  characteristics  are  ohovn  in 
Figure  IV-2.  Compared  to  the  untreated  soil  tested  at  the  same  tempera- 
ture, the  maximum  density  is  2 pcf  higher  and  the  optimum  moisture  is 
2.0%  lower. 

Increasing  compactive  effort  will  result  in  an  increase  in  dry 
density  and  a decrease  in  optimum  water  content  for  most  soils.  In 
Figure  IV-3  is  a plot  of  dry  density  versus  water  content  for  a aeries 
of  testB  compacted  using  Modified  AASHO  compactive  effort.  The  resulting 
maximum  dry  unit  weight  ie  111  pcf  at  a water  content  of  11.  'it.  Com- 
pared with  the  standard  effort  curve,  the  increase  in  dry  density  is 
modest  but  does  follow  the  usual  pattern  of  moving  up  and  to  the  left. 


Unfrozen  Pore  Fluid 


When  the  temperature  of  the  Boil  is  lowered,  the  pore  fluid  be- 
comes more  visaous  and  dry  densities  decrease  slightly  until  the  tempera- 
ture of  the  pore  fluid  is  lowered  to  the  freezing  point  of  the  fluid. 

With  a further  decrease  in  temperature,  the  pore  fluid  begins  to  change 
to  ice  causing  a substantial  decrease  in  dry  unit  weight.  However,  it 
can  be  shown  that  by  using  an  appropriate  amount  of  additive  the  freezing 
point  of  the  pore  fluid  will  be  depressed  and  the  soil  will  compact 
essentially  the  same  as  the  soil  tested  at  20°C.  For  moisture  contents 
less  the  20#,  2,0#  calcium  chloride  will  depress  the  freezing  point  of 
the  pore  fluid  below  -7°0.  In  Figures  IV-h  and  IV-5  are  the  compaction 
curves  for  the  silty  sand  treated  with  2.0  and  3.0#  of  the  calcium 
chloride,  respectively . The  optimum  water  content  and  the  maximum  dry 
density  are  essentially  the  same  for  each  and  are  slightly  less  than 
those  for  untreated  soil  compacted  at  room  temperature. 

Figures  IV-6  and  IV- 7 are  the  results  of  Modified  AASHO  compaction 
tests  conducted  at  -7°C  with  2.0  and  3.0#  calcium  chloride  added  to  the 
soil.  Compared  with  the  Standard  AASHO  test  at  the  same  temperature, 
there  is  significantly  more  scatter  in  the  dry  densities,  with  an  apparent 
slight  increase  in  dry  density  for  the  soil  treated  with  3#  calcium 
chloride.  The  results  for  2#  calcium  chloride  are  not  consistent  with 
the  expected  trend.  Apparently,  for  thiB  soil  the  fourfold  increase  in 
compactive  effort  required  for  the  modified  method  results  in  only 
minimal  or  no  inorease  in  the  dry  densities.  Further  investigation  is 
needed  to  resolve  this  inconsistency. 

Table  IV-1  gives  the  optimum  water  content  and  maximum  dry  unit 
weights  for  the  several  teBt  methods  and  indicates  that  the  maximum 
dry  unit  weight  varies  only  by  a small  amount  (10  pcf)  for  all  the  test 
conditions  used.  It  may  be  possible  to  obtain  results  with  more  signi- 
ficant changes  by  using  a different  soil  type. 


Compaction  Tests  (- 


Frozen  Pore  Fluid 


When  the  compaction  temperatures  fall  below  the  freezing  point  of 
the  pore  fluid,  it  can  be  expected  that  dry  densities  will  be  reduced. 

The  results  of  a series  of  standard  AASHO  tests  on  soil  that  waB 
frozen  prior  to  compaction  are  shown  in  Figure  IV-8.  In  this  figure 
the  temperature  at  which  the  soil  was  prepared  and  compacted  was  -7°C. 
ThiB  temperature  was  low  enough  to  ensure  complete  freezing  of  all  pore 
fluid  Binca  the  adsorbed  layer  of  water  is  minimal  in  silty  sand. 

(Lambs  and  Whitman  (31)  calculated  the  adsorbed  layer  to  contain  approxi- 
mately 1.5  x 10  » water  for  a medium  sand.)  The  resulting  curve  of 
dry  density  versus  water  content  is  bilinear  with  the  intercept  at  a 
water  content  of  3#.  At  zero  water  content  the  dry  density  is  nearly  the 
Bams  as  for  a soil  that  1b  compacted  at  a temperature  above  freezing. 
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PIMM  IV-I  LOW  TDVfMTUM  MY  DENSITY  VERSUS  MATER  CONTENT  RESULTS  USUIS  NO  ADDITIVE 
{FROZEN  FORE  RATER). 

Table  IV~1.  Summary  of  optimum  water  content  and  maximum  dry 
unit  weights  for  tests  with  unfrozen  pore  fluid 


l 


I 


Temp. 

(°c)  . 

XAdd 

AASHO 

Comp,  effort 

Max.  unit  vt . 

(PCf) 

Opt.  water 

. (%) 

+20 

0 

STD 

107 

13.5 

+20 

1 

STD 

109 

11.5 

+20 

0 

MOD 

111 

11.5 

- 7 

2 

STD 

105 

13.5 

- 7 

3 

STD 

105 

12.5 

- 7 

2 

MOD 

101 

lfc.0 

- 7 

3 

MOD 

106 

13.5 

J 

.( 


25 


Using  Modified  AASHO  compactive  effort  on  this  frozen  soil  results 
in  more  erratic  compaction  data  and  the  trends  are  less  apparent. 

Results  of  a series  of  Modified  AASHO  tests  on  an  untreated  soil  prepared 
and  compacted  at  -T°C  are  shown  in  Figure  IV-9.  The  regression  line 
in  this  figure  is  essentially  straight}  however,  it  was  noted  during 
compaction  of  the  samples  that  the  increased  compactive  effort  resulted 
in  displacement  of  the  particles  rather  than  compacting  them  and  the 
results  may  not  he  completely  indicative  of  the  true  effect  of  increased 
compactive  effort. 
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FI  (SURE  IV-9  l»  TEMPERATURE  DRY  DENSITY  VERSUS  NATES  CONTENT  RESULTS  USING  NO  ADDITIVE 
AND  MODIFIED  RASHO  COMPACTIVE  EFFORT  (FROZEN  PONE  MATER). 

When  the  soil  is  treated  prior  to  freezing  with  an  additive,  such 
as  calcium  chloride,  the  salt  dissolves  and  goeB  into  solution.  This 
causes  a depression  of  the  freezing  point  of  the  pore  fluid.  When  not 
enough  Balt  has  been  added  to  depress  the  temperature  below  the  ambient 
temperature,  some  ice  forms  in  the  pore  spaces  resulting  in  a decrease 
in  the  compacted  dry  density.  However,  the  amount  of  the  decrease  when 
compared  with  that  for  a soil  in  which  all  pore  fluid  is  frozen  is  less, 
and  is  a function  of  the  amount  of  additive  used  in  preparation  of  the 
sample.  The  effect  of  various  amounts  of  additives  on  dry  density  can 
be  observed  by  comparing  Figures  IV- 8 with  IV-10,  IV-11  and  IV-12. 

Each  of  the  latter  figures  represents  a series  of  tests  conducted  on 
samples  treated  with  0.25,  0.50  and  1%  calcium  chloride  prior  to  lowering 
the  temperature  to  -T°C.  There  is  a near  linear  relationship  common  to 
the  various  curves  with  dry  density  decreasing  bb  water  content  increases. 
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FIGURE  |V-lfl  LON  WERATURE  DRY  DENSITY  VERSUS  HATER  CONTENT  RESULTS  USING  0,25 
PERCENT  CALCIUM  CHLORIDE  (PARTIALLY  FROZEN  PORE  FLUID), 


HATCH  CON  TINT.  HP 

FIGURE  IV-J1  LON  TEMPERATURE  DRY  DENSITY  VERSUS  WATER  CONTENT  RESULTS  USING  0.50 
PERCENT  CALCIUM  CHLORIDE  (PARTIALLY  FROZEN  PORE  FLUID). 
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1 FIGURE  IV-12  LOW  TEMPERATURE  MV  DENSITY  VERSUS  WATER  CONTENT  RESULTS  USING  1 PERCENT 

CALCIUM  CHLORIDE  (PARTIALLY  FROZEN  PORE  FLUID) , 

! i 

1 i 

i Modified  compactive  effort  applied  to  a soil  treated  with  ljf  calcium 

chloride  results  in  dry  densities  that  are  lower  than  those  obtained  at 
! Standard  AASHO  compactive  efforts  at  the  same  level  of  treatment.  ThiB 

i appears  to  oontradiot  what  would  normally  be  expected.  The  results  of 

several  test  series  are  shown  in  Figure  IV-13.  It  is  believed  that 
laboratory  difficulties  in  compacting  the  frozen  chunks  are  the  cause  of 
the  large  decreases  in  dry  density  and  the  curveB  may  be  displaced  from 
their  true  location.  Further  testing  will  be  required  to  verify  this 
observation. 


D.  Compaction  TestB,  Miscellaneous 

Soveral  si  ries  of  tests  were  conducted  using  a different  additive 
and  temperature  from  those  discussed  ubove.  The  number  of  tests  are 
limited  and  additional  data  will  be  required  to  completely  verify  the 
results  of  these  tests.  Figure  IV-lh  shows  the  results  of  one  series 
of  tests  using  0. sodium  chloride  as  the  additive  and  Standard  AASHO 
compactive  effort.  At  -T°C  the  freezing  point  depression  characteristics 
of  sodium  chloride  are  essentially  the  same  as  for  calcium  chloride. 

This  being  the  case,  the  results  should  bo  the  same  as  for  a soil  treated 
with  0.5#  calcium  chloride.  By  comparing  the  results  with  those  in 
Figure  IV- 11,  it  can  be  seen  that  the  regression  lines  are  approximately 
co-linear.  A similar  observation  can  be  made  concerning  the  effect  of 
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t jmperature.  I."  fi  temperature  lower  than  -7 °C  is  used  it  would  be  ex- 
pected that  u .larger  amount  of  additive  would  be  required  to  produce  the 
same  quantity  of  ice  in  the  pore  spaces.  The  results  of  a series  of  compac- 
tion teats  conducted  at  -15°C  are  shown  in  Figure  IV-15.  The  amount  of 
additive  ia  1%  and  the  resulting  dry  densities  are  close  to  the  values 
obtained  from  the  soil  treated  with  0.5%  calcium  chloride  and  tested  at  -T°C. 
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Ftm*E  IV-15  UM  TEMPERATURE  DRY  MUSHY  VERSUS  RATER  CONTENT  RESULTS  USING  1 PERCENT 
FIGURE  IV  15  TEMPERATURE  Of  -IK  (PARTIALLY  FROZEN  PORE  FLUID). 


V,  DISCUSSION  AND  INTERPRETATION  OF  RESULTS 
A.  Unfrozen  Compacted  Soil.  With  Additives 

For  unfrozen  compacted  soils  the  relationship  between  the  soil, 
water  and  air  can  be  determined  directly  from  a standard  compaction 
curve.  The  characteristic  shape  of  the  compaction  curve  ia  well 
known,  and  several  authors  (32,  40,  44)  have  explained  the  compaction 
process  in  terms  of  the  development  of  effective  stresses. 

Using  this  concept,  the  shear  strength  of  a soil,  and  thus  the 
ability  to  resist  deformation  or  rearrangement  by  the  compactlve  effort, 
is  a function  of  the  effective  stress.  For  saturated  soils  the  effec- 
tive stress  is  defined  by  the  equation: 


whore 
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a ■ effective  stress 


a * total  stress 


u » pore  pressure. 

In  a system  of  soil  that  is  not  saturated,  the  pore  pressure  is  a 
function  of  not  only  pore  water  pressure,  but  also  pore  air  pressure. 
Seed  et  al.  (!*b),  in  discussing  the  development  of  effective  stresses 
in  compacted  soils,  noted  that  in  unsaturated  soils  where  water  is  . 
present  as  continuous  film  the  pore  water  pressure  is  due  to  surface 
tension  effects,  particle  water  absorptive  forces,  and  osmotic  pressure 
differences,  and  is  always  negative.  The  pore  air  pressure,  on  the 
other  hand,  is  a function  of  the  compressibility  of  ideal  gases  and  the 
solubility  of  air  in  water,  and  is  always  positive.  The  net  result  is 
that  total  pore  pressure  may  be  negative  for  some  compaction  conditions 
and  positive  for  others, 

When  an  additive,  such  as  an  inorganic  salt,  is  added  to  the  soil, 
the  basic  mechanism  of  compaction  is  the  same,  However,  the  addition 
of  the  salt  offsets  the  osmotic  pressure  differences  and  causes  the 
compaction  characteristics  of  a treated  Boil  to  be  different  from  those 
of  an  untreated  soil.  Johnson  and  Sallberg  (23)  in  a summary  state- 
ment concluded: 


"There  is  general  agreement  on  the  effect  of  calcium  chloride  on 
soils  that  are  essentially  granular.  These  soilB  have  shown  a 
consistent  Increase  in  dry  unit  weight  due  to  the  use  of  calcium 
chloride." 

In  their  Btudy  of  the  use  of  calcium  chloride,  the  increases  due  to  the 
additive  were  quite  small  (less  than  a 2%  increase  in  dry  density). 

Possible  explanations  for  the  increase  in  unit  weight  are:  a) 
reduction  in  surface  tension  in  the  pore  fluid,  b)  alteration  of  the 
double  layer  characteristics,  and  c)  increased  effective  size  of  the 
soil  particles  (23).  None  of  these  explanations  appears  to  be  satis- 
factory for  a silty  sand  treated  with  calcium  chloride,  since  the  double 
layer  effects  are  minimal  and  calcium  chloride  increases,  not  decreases, 
surface  tension  of  the  pore  fluid.  The  exact  cause  of  the  increase  in 
dry  density  of  soils  treated  with  calcium  chloride  awaits  the  results 
of  future  research.  However,  the  compaction  tests  on  the  silty  sand 
conducted  as  part  of  this  research  showed  the  characteristic  increase 
in  dry  density  when  the  sand  was  treated  with  1 % calcium  chloride. 

B.  Frozen  Compacted  Soil.  No  Additives 


For  a soil  with  no  additives  and  a temperature  low  enough  to  ensure 
complete  freezing  of  all  pore  moisture,  the  Bhear  strength  of  the  soil  is 
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dependent  not  only  on  the  resistance  of  the  soil,  but  also  on  the  shear 
resistance  provided  by  the  pore  ice.  It  is  veil  known  that  the  strength 
of  ice  is  highly  time  dependent  (51,  52,' 57),  but  for  the  short  loading 
times  involved  in  compaction  procedures,  it  is  reasonable  to  assume  that 
the  resistance  to  compaction  provided  by  the  ice  is  constant.  If  this  ob- 
servation is  valid,  it  can  be  expected  that  densities  obtained  from  com- 
pacting frozen  soils  are  leas  than  those  obtained  for  unfrozen  material  by 
an  amount  equal  to  the  energy  required  to  overcome  the  additional  resistance 
to  rearrangement  provided  by  the  ice  in  the  pore  spaces. 

Several  researchers  (1,  51.  57)  have  demonstrated  that  the  shear 
strength  of  the  soil-ice  materials  is  dependent  on  the  amount  of  ice  in 
the  void  spaces.  By  extension,  it  may  be  possible  to  Bay  that  the  density 
of  a compacted  frozen  soil  should  also  be  related  to  the  amount  of  ice 
in  the  pore  spaces.  This  implies  that  the  density  of  a compacted  soil- 
ice  system  would  decrease  as  the  water  content  increases,  aB  has  been 
noted  by  Johnson  and  Sallberg  (23).  Unfortunately,  the  magnitude  of  the 
decrease  that  can  be  expected  has  not  been  quantified.  It  seems  unlikely 
that  the  magnitude  of  the  decrease  in  density  resulting  from  compacting 
frozen  soil  would  be  the  same  for  all  soil  types,  but  the  mechanism  would 
be  the  same  regardless  of  the  Boil  type*  i.e.,  as  water  content  increases 
more  i'ce  is  present  in  the  pore  spaces  and,  for  a constant  amount  of  input 
energy,  rearrangement  of  particles  into  a more  compact  configuration  be- 
comes leos  and  less  efficient.  The  validity  of  this  observation  can  be 
quickly  checked  by  compacting  a soil  frozen  at  various  water  contents, 
calculating  the  amount  of  ice  in  the  Bample  and  plotting  the  results. 

In  order  to  define  the  amount  of  ice  in  the  pore  spaces  in  terms 
that  are  independent  of  soil  type,  the  term  "ice  saturation"  will  be 
used.  Ice  saturation  is  defined  as  the  volume  of  ice  in  the  pore  spaces 
divided  by  the  total  pore  space  (volume  of  voids),  multiplied  by  100. 

Using  the  results  from  typical  compaction  tests,  ice  saturation  can  be 
derived  as  follows,  assuming  the  final  moisture  content  and  frozen  dry 
densities  of  the  untreated  soil  have  been  previously  calculated: 


(V-l) 


where 


^ICE  " vo^um®  *ce>  f*' 


wf  Yd 


■ weight  of  water  ■ -yog-  V* 

Y^  ■ dry  unit  weight  of  soil,  pcf 
Yy  ■ unit  weight  of  water,  pcf 
V • total  volume  ■ 1 ft^ 
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A!  ■ constant  equal  to  the  volume  of  ice  per  unit  vol  of  water 
w.  ■ water  content,  % 

and  ^v-l-O-rdhr  (v_2) 

'w  B 

Fv  ■ volume  of  voids 

V ■ weight  of  solids  ■ y,  V lb. 
s a 

G ■ specific  gravity  of  the  solids, 
s 

Combining  and  simplifying 


Ice  saturation  as  defined  in  eq  V-3  can  be  calculated  for  each 
compaction  test  conducted  on  the  frozen  soil  and  the  results  can  be 
plotted  on  a graph  of  frozen  dry  density  versus  ice  saturation.  Typical 
results  from  the  experiment  program  are  shown  in  Figure  V-l.  This  graph 
is  bilinear  (comparable  to  Fig.  IV-8),  extending  up  to  a frozen  dry 
density  that  is  approximately  equal  to  the  unfrozen  dry  density  where  the 
ice  saturation  (and  also  the  water  content)  1b  zero. 


At  zero  ice  saturation,  the  particles  are  In  contact  over  a very 
small  area  with  no  ice  present  and  the  resistance  to  rearrangement  is 
due  to  the  frictional  resistance  at  the  soil  particle  contacts.  Ab 
the  ice  saturation  increases  from  zero,  individual  particles  begin  to 
accumulate  water  in  the  region  of  the  intergranular  contacts  (Fig.  V-2, 
case  I)  and  as  the  temperature  decreases  the  water  changes  to  ice.  The 
ice  between  adjacent  particles  increases  the  area  of  resistance  to  re- 
arrangement by  an  amount  proportional  to  the  ice  (Fig.  V-2,  case  II). 

The  result  is  large  decreases  in  dry  density  until  all  particles  are 
Joined  by  a continuous  layer  of  ice  (Fig.  V-2,  case  III).  This  condition 
occurs  at  approximately  10JC  ice  saturation  for  the  silty  sand.  Above 
this  point  the  interparticle  void  spaces  begin  to  fill  with  ice  and  the 
net  increase  in  area  of  resistance  along  a potential  plane  of  Blidlng 
is  increased  by  only  a small  amount  (Fig.  V-2,  case  IV).  The  resi’lt 
iB  a smaller  decrease  in  dry  density  as  shown  in  the  second  part  of  the 
curve  in  Figure  V-l.  The  decrease  in  dry  density  in  this  region  is 
continuous  until  all  void  spaces  are  filled  with  ice.  Any  further 
increase  in  ice  saturation  beyond  100)11  results  in  soil  particles  being 
forced  apart  by  the  ice  completely  eliminating  the  frictional  resistance 
of  the  soil.  The  compaction  of  the  material  in  this  state  would  be  de- 
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C.  Frozen  Compacted  Soil.  With  Additives 
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When  calcium  chloride  or  some  other  inorganic  salt  is  added  to  the 
system,  part  of  the  pore  fluid  will  remain  unfrozen  and  the  determination 
of  the  amount  of  ice  in  the  soil  is  dependent  on  Borne  basic  principles 
of  physical  chemistry. 

It  can  be  demonstrated  that  when  a solid  aubBtanoe  is  dissolved 
in  a solvent  the  freezing  point  of  the  resulting  solution  is  lowers  by 
a certain  predictable  amount.  The  actual  mechanism  involved  is  dependent, 
on  "Raoult's  Law,”  which  states  that!  "Solutions  of  a solute  in  a solvent 
lead  to  a lowering  of  the  vapor  pressure  of  the  latter  below  that  of  a 
pure  solvent”  (38).  The  result  of  a lowering  of  the  vapor  pressure  oan 
be  illustrated  by  using  a vapor  pressure-temperature  diagram  as  shown  in 
, Figure  V-3.  In  this  diagram  the  sublimation  curve  of  the  solid  solvent 

j is  ABt  and  BD  is  the  vapor  pressure  curve  for  the  pure  liquid  solvent. 

At  the  freezing  point  B a given  temperature  T is  required  for  equilibrium 
[ of  the  solid  and  liquid  phase.  When  a solute°is  dissolved  in  the  solvent 

ji  the  vapor  pressure  of  the  solution  is  lower  (according  to  Raoult's  Law) 

)'  and  a new  temperature  T is  required  to  produce  equilibrium  between  the 

j solution  and  the  solid  solvent.  The  difference  in  temperature  Tq-T  is 

’ the  freezing  point  depression  resulting  from  the  addition  of  thesolute 

[ to  the  solvent.  Solutions  of  caloium  chloride  and  water  will  have  lower 

freezing  points  than  pure  water  by  an  amount  tha.t  is  predictable  based 
on  the  composition  of  the  solution  A (grams  of  pure  solute/100  g of 
solution).  These  values  are  available  in  the  Handbook  of  Chemistry  and 
Physics  (17). 
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FIGURE  V-3  TEMPERATURE  DEPRESSION  RESULTING  FROM  A CHANGE  IN  VAPOR  PRESSURE. 


A more  unified  approach  to  the  problem  of  temperature  depression 
due  to  the  inorganic  salts  can  be  obtained  by  means  of  a principle  called 
the  phase  rule  (38).  With  this  rule,  the  number  of  variables  that  affect 
the  equilibrium  of  mixtures  can  be  defined  and  presented  in  the  form 
of  a phase  diagram.  For  a two-component  system  such  as  oaloium  chloride 
and  water,  the  resulting  phase  diagram  is  a simple  eutectic  system  as 
shown  in  Figure  V-l*.  When  using  this  diagram,  it  is  possible  to  identify 
the  phase  of  the  mixture  that  exists  for  any  combination  of  temperature 
and  composition  (pressure  is  assumed  constant). 

In  this  figure,  A and  C are  the  melting  points  of  ice  and  oaloium 
chloride  and  line  AB  gives  the  concentration  of  oaloium  chloride  for  a 
saturated  solution  at  temperatures  between  A and  D,  At  temperature  D 
and  composition  G the  solution  is  saturated  with  both  water  and  calcium 
chloride  (eutectic  point).  Any  lowering  of  the  temperature  below  this 
point  will  result  in  a solid  material  of  certain  composition.  Above 
temperature  D and  to  the  left  of  lino  AB  is  a region  where  Bolid  ice  is 
in  equilibrium  with  a saturated  solution  of  calcium  chloride  and  water. 

A similar  observation  is  true  for  the  region  to  the  right  of  line  BC 
except  solid  calcium  chloride  is  in  equilibrium  with  a saturated  solution. 


FIGURE  V-A  PHASE  DIAGRAM  FOR  A SIMPLE  EUTECTIC  SYSTEM. 


36 


From  a diagram  of  th:L b type  it  is  possible  to  specify  the  conditions 
under  which  ice  is  obtained  and  to  describe  the  change  In  percentage  of 
ice  in  the  pore  space  for  various  combinations  of  temperature  and  composi- 
tion. For  example,  at  composition  a and  temperature  T the  solution  is 
saturated  and  any  further  lowering  of  temperature  villresult  in  the 
formation  of  ice.  Similarly,  a decrease  in  composition  at  a constant 
temperature  T will  result  in  the  formation  of  ice.  At  the  composition 
of  pure  vaterA  *■  0 all  of  the  solution  will  be  frozen.  The  proportion 
of  ioe  to  saturated  solution  at  any  temperature  T . can  also  be  estimated 
from  the  diagram.  At  temperature  T , and  composition  a the  distance  X 
is  an  indication  of  the  amount  of  ice  in  the  mixture  and  the  distance  F 
is  an  indication  of  the  amount  of  saturated  solution  in  the  mixture 
(composition  Z),  The  percentage  of  ice  on  a weight  basie  is  (X/(X  + F))  x 
100  and  from  a suitably  constructed  phase  diagram  these  values  may  be 
scaled  to  the  required  degree  of  accuracy. 

To  use  the  results  of  the  general  discussion  presented  above  for  a 
specific  problem,  it  is  necessary  to  know  the  composition  of  the  solution 
that  will  result  from  various  levels  of  treatment  with  an  additive. 

From  the  definition,  the  composition  of  a solution  is  the  weight  of 
anhydroue  aompound/100  g of  solution.  For  the  test  program  conducted 
herein  this  can  be  expressed  as  follows: 

A ■ weight  of  additive/weight  of  solution)  x 100. 

Since  the  amount  of  additive  used  for  any  test  series  waB  based  on  the 
dry  unit  weight  per  cubic  foot,  the  weight  of  additive  is  the  dry  unit 
weight  of  the  soil  multiplied  by  the  percentage  of  additive  divided 
by  100.  The  weight  of  solution,  assuming  complete  solubility  of  the 
additives,  1b  equal  to  the  weight  of  water  per  cubic  foot  plus  the 
weight  of  additive.  These  definitions  can  be  substituted  into  the 
definition  of  A with  the  following  result: 


x 100 


(V-U) 


where 


% ADD  * percentage  of  additive,  by  weight  of  dry  soil 

■ final  water  content  of  the  compacted  soil,  in  %. 

This  equation  is  independent  of  type  of  additive  and  can  be  solved 
for  various  water  contents  and  percentages  of  additive.  The  solution 
to  eq  V-l*  has  been  plotted  on  semi-log  scale  in  Figure  V-5.  It  is 
apparent  from  this  graph  that  for  a given  percentage  of  additive  the 
composition  of  the  resulting  solution  decreases  rapidly  with  an  increase 
in  final  water  content.  Also  concluded  on  this  figure  is  the  composition 


of  a solution  of  water  and  calcium  chloride  required  to  reduce  the  freezing 
point  to  -7°C  (/4»11.2).  For  any  combination  of  water  content  and  percentage 
of  calcium  chloride  that  falls  above  this  line,  all  pore  fluid  will  re- 
main unfrozen  and  the  compaction  characteristics  of  the  soil  will  remain 
essentially  the  same  as  those  for  an  unfrozen  soil.  (See  Figure  IV-5, 

3%  calcium  chloride  at  -7°C  compaction  temperature.) 

If  the  combination  of  water  content  and  percentage  of  calcium 
chloride  falls  below  a composition  of  11. f?  at  a temperature  of  -7°C, 
the  pore  fluid  will  exist  in  some  combination  of  ice  and  saturated 
solution  of  calcium  chloride  and  water.  A more  complicated  analysis  Is 
required  to  predict  the  resulting  unit  weight  of  the  compacted  soil  for 
this  case. 

As  discussed  above,  the  amount  of  ice  in  the  pore  fluid  at  any  given 
temperature  can  be  calculated  using  a phase  diagram.  It  can  be  shown 
that  the  dry  unit  weight  of  soil  that  contains  partially  frozen  pore 
fluid  can  be  related  to  the  dry  density  of  a soil  in  which  all  pore 
fluid  is  frozen  through  on  expression  involving  the  percentage  of  ice 
in  the  pore  fluid. 
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The  "percentage  of  ice"  is  defined  aa  the  weight  of  ice  in  the  pore 
fluid  divided  by  the  total  weight  of  pore  fluid,  multiplied  by  100. 

The  weight  of  pore  fluid  is  the  weight  of  water  plus  the  weight  of  addi- 
tive. For  a solution  of  calcium  chloride  and  water,  Figure  V-6  is  part 
of  the  phase  diagram  showing  the  relationship  between  temperature  and 
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FIGURE  V-6  PHASE  DIAGRAM  FOR  CALCIUM  CHLORIDE  AND  SODIUM  CHLORIDE. 


composition  of  the  solution.  At  a constant  teat  temperature  the  percentage 
of  ice  can  be  determined  from  this  figure  as  follows: 


A 


I 


^CACLg 

vh2o(i)+  wcacl2 


X 100 


(V-6) 


Ail  d 


where 


W. 


CACL„ 


SAT  SOL  ^0(SAT  S0L)+  VCACL2 


X 100 


(V-T) 


Aj  « composition  of  pore  fluid  for  given  amount  of  additive  at  & 

constant  water  content,  % 

Ag._  SQ.  ■ composition  of  a saturated  solution  of  calcium  chloride  and 
water  at  the  given  test  temperature,  % 


u 

cacl2 

%o(D 


■ weight  of  calcium  ehloride  in  the  solution,  l'b 

■ weight  of  water  in  the  solution  for  the  given  test  conditions, 
lb 


V / o An,  1 " weight  of  water  in  a aat.uratod  solution  at  the  given  test 

nZ temperature,  lb 


For  a given  test,  the  weight  of  calcium  chloride  is  constant  and  the 
weight  of  saturated  solution  equals  the  weight  of  water  in  the  solution 
initially  minus  the  weight  of  iae.  Combining  these  observations  and  eq 
V-6  and  V-7  will  result  in  the  following  expressions 


A1  (WH20(I)  + VCACL2)  " *SAT  (IvH20(I5  " WICE  + "cACL^ 
Rearranging  results  in 

p . Vt  ®k  ■ il  x 100.  (v-6) 

BAT  BOL 

The  same  expression  aan  be  used  at  any  temperature  and  for  any  additive 
provided  the  phase  diagram  for  the  additive  is  available  (the  phase 
diagram  for  sodium  chloride  is  also  shown  in  Fig  V-6),  This  equation  has 
been  plotted  as  percentage  of  ice  versus  final  water  oontent  in  Figure 
V-7  for  various  combinations  of  temperature  and  percentages  of  additive, 
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FIGURE  V-7  PERCENT  ICE  VERSUS  HATER  CONTENT  FOR  VARIOUS  ADDITIVES  AND  TEMPERATURES, 


Once  the  percentage  of  ice  in  the  pore  fluid  for  the  given  teBt 
conditions  is  obtained,  it  is  possible  to  obtain  the  weight  and  volume 
relationship  for  any  compacted  sample.  ThiB  information  is  included  in 
Table  V-1A,  IB  and  1C  for  typical  compaction  teBts  for  various  teat 
temperatures,  additive  typea  and  amounts. 

If  the  volume  relationships  for  typical  teBt  conditions  are  plotted 
an  shown  in  Figure  V-8,  a relationship  between  dry  density  of  an  untreated 
frozen  compacted  soil  and  treated  compacted  Boil  can  be  observed.  It  will 
be  noted  from  the  figure  that  for  the  tests  conducted  on  soils  without 
an  additive  the  volume  of  ice  increases  as  the  water  content  increases 
and  the  volume  of  Boil  and  volume  of  air  decrease.  For  a Boil  that  has 
been  treated  with  calcium  chloride  (or  any  other  additive),  the  volume 
of  soil  decreases  as  water  content  increases  and  the  relationship  is 
approximately  parallel  to  that  of  the  volume  of  soil  for  the  untreated 
soil.  In  addition,  the  volume  of  ice  increases  as  water  content  increases. 
However,  the  volume  of  unfrozen  saturated  solution  in  the  pore  spaces 
1b  nearly  constant. 

Comparing  the  volume  of  ice  at  any  given  water  content,  it  will  be 
noted  that  the  volume  of  ice  for  the  untreated  Bample  Is  nearly  equal 
to  the  volume  of  ice  in  the  treated  sample  plus  the  volume  of  saturated 
pore  fluid.  ThiB  implies  that  for  a given  water  content  and  compact! ve 
effort  a nearly  constant  volume  of  total  solids  (soil  plus  ice)  will  be 
obtained. 
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Table  V-1B.  Typical  weight  relationships  for  a frozen  compacted  soil 
with  and  without  additives. 

% additive  Vt.  of  soil  Wt.  of  solution  Wt.  of  saturated  Wt.  of  ice 

solution 

^ADD  *SOIL  VS0L  WSAT  SOL  W1CE 

(%)  (lb)  (lb)  (lb)  (lb) 


No  additive 


>-7°C) 


Calcium  chloride  T*-7°C 


* SAT  SOL*11,8 


°SAT  SOL'1  ‘ 096 


1 

101 

7.1 

7.1 

0 

1 

98 

10.8 

8.6 

2.1 

1 

91* 

15.0 

8.1* 

6.6 

1 

89 

18.7 

8.0 

10.7 

1/2 

91* 

6.1 

4.2 

1.9 

1/2 

90 

9.5 

4.1 

5.4 

1/2 

86 

13.3 

3.9 

9.4 

1/2 

82 

16.8 

3.5 

13.3 

1/4 

91 

5.7 

2.1 

3.6 

1/1* 

88 

9.0 

1.9 

7.1 

1/1* 

81* 

12,8 

1.8 

11.0 

1/1* 

81 

16.1* 

1.8 

14.6 

Sodium  chloride 


T«-70C 


*SAT  SOI-10’6 


ffSAT  SOL'1'077 


Calcium  chloride  T"~ 15°C 


XBAT  SOL-18,9 


GBAT  SOL-1,169 
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Table  V-1C.  Typical  volume  relationships  for  a frozen  compacted  Boil 
with  and  without  additives. 


% additive 

Vol.  of 
soil 

Vol.  of  ice 

Vol.  of 
saturated 
solution 

Vol.  of  solid 

Vol,  total 

l 

*ADD 

V 

SOIL 

v 

'ICE 

;SAT  SOL 

^SOLID 

•*  1 

(*) 

(ft3) 

(ft3) 

(ft3) 

(ft3) 

(ft3)  | 

No  additive  T*- T°C 

0 0.518 

0 0.506 

0 0.1477 

0 0.1+65 


Calcium  chloride T*-7°r 


0.091 
0. 1U8 
0.210 
0.272 


1 

0.602 

0 

1 

0.584 

0.037 

1 

0.560 

0.115 

1 

0.530 

0.107 

1/2 

0.560 

0.033 

1/2 

0.536 

0,094 

1/2 

0.512 

0.164 

1/2 

0.489 

0,232 

1/4 

0.542 

0.063 

1/4 

0.524 

0.124 

1/4 

0.500 

0.192 

1/4 

0.483 

0.255 

4SAT  SOL-11,2 

o.ToV 

7 0.126 

5 0.123 

7 0.117 

3 0.06l 

14  0.060 

4 0.057 

2 0.051 

3 0.031 

4 0.028 

2 0.026 

5 0.026 


0.609 0.609 
0.654  0.654 
0.687  0.687 
0.737  0.737 


GSAT  SOL-1, 05,6 

0Y602  0.706 

0.621  O.T47 

0.675  0.798 

0.717  0.834 

0.593  0.654 

0.630  0.690 

0.676  0.733 

0.721  0.772 

0.605  0.636 

0.648  0.676 

0.692  0.718 

0.738  0.764 


Sodium  chloride  T*-7°C 

172  0,554 

1/2  0,530 

1/2  0.506 

1/2  0.483 


A SAT  SOL-10’* 


0.028 

0.089 

0.161 

0.224 


0.065 

0.062 

0.060 

0.057 


6sat  sol"1,077 

0.582  o.647~ 
0.619  0.681 
0.667  0.727 
0.707  0.764 


Calcium  chloride 


>-15°C 


0.590 

0.554 

0.518 

0.477 


^SAT  S0L"l8/9 


0.030 

0.093 

0.162 

0.220 


0.071 

0.067 

0.063 

0.058 


gsat  sol*1, 169 

0.620  0. 691 
0.647  0.714 
0.679  0.742 
0.704  0.763 
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FIGURE  V-8  TYPICAL  LOW  TEMPERATURE  VOLUMETRIC  RELATIONSHIPS. 

When  comparing  soil  volumes  for  a treated  Boil  with  those  for  an 
untreated  soil,  the  difference  between  the  two  is  nearly  equal  to  the 
difference  in  the  volume  of  ice  for  the  two  conditions.  The  actual 
difference  involume  is  slightly  greater  than  the  difference  in  volumes 
of  ice  as  can  he  seen  in  Figure  V-8  by  noting  the  difference  between  the 
lines  labeled  ^Sqtttj(o)  and  7 *s0LID(t)  ’ diff,erence  a function  of 

the  amount  of  aaaitive'and  decreases  as  the  amount  of  additive  decreases. 
The  nature  of  this  difference  is  not  known  and  will  require  further 
study  to  define  its  exact  origin.  However,  using  the  volumetric  re- 
lationships shown  in  Figure  V-8,  an  equation  relating  the  dry  unit 
weight  of  an  untreated  frozen  soil  to  the  dry  unit  weight  of  a treated 
soil  can  be  obtained: 


7ICE(o)  ■ 7ICE(T)  + 73AT  SOL(T)  " *a  (V"9^ 

where 

ICE(O)  «*  volume  of  ice  in  the  untreated  soil,  ft 

*3 

7ICE(t)  b volume  of  ice  in  the  treated  soil,  ft 

7SAT  SOL(T)  " volume  of  saturated  solution  in  the  pore  spaces  , 

' of  the  treated  soil  at  the  given  temperature,  ftd 


45 


*a  - a correction  factor  (^OLIn(o)-l'sOLID(T) } where 

7S0LID(0)  if3  eciual  "to  the  volume  of  solids  for  the 
untreated  sample  and  ^g0LID (T ) is  the  volume  of 
solids  for  the  treated  soil,  ft^. 


But  the  volumetric  relationships  are: 


7SOLID(0)  " 7S0IL(0)  + 7ICE<0) 
7SOLID(T)  “ 7S0IL(T)  + 7ice(t) 


7ICE(0)  * 


7ice(t)  " 


1,09  Yd(0)  (V100) 


w 


r4(T)  /» t + % ADD\  p 

V 100  I 100 


'V 


Yd(T) 


(at  * * MD\/-  J_\ 

\ loo  /v  “ loo/ 


SAT  S0L(T) 


Yw  CSAT  SOL 


v , N . laM 

SOIL(O)  Y G 

W a 


(v-io) 

(V-ll) 

(V-12) 

(V-13) 


v „ hill 

SOIL(T)  y Ga 

w a 


(V-lU) 


where  % ADD  « 
1.09  « 

Yd(0)  * 

Yd(T) 

Wf  " 
Yu  * 
Gb  " 
^SAT  SOL  " 

P - 


percentage  of  additive  used  in  the  treated  Boil  Bsunples 

ratio  of  volume  ice  to  volume  of  water  for  equal 
weight  of  water 

dry  unit  weight  of  the  untreated  sample,  pcf 
dry  unit  weight  of  the  treated  sample,  pcf 
final  water  content,  % 
unit  weight  of  water,  pcf 
specific  gravity  of  the  soil 

specific  gravity  of  the  saturated  solution  in  the 
treated  samples 

percentage  of  ice  in  the  treated  samples. 


Substituting  the  volumetric  relationships  into  eq  V-9  and  defining  the 
term  R,  as  the  ratio  of  the  treated  dry  unit  weight  to  the  untreated 

frozen  dry  unit  weight,  results  in  the  equation 


R . MU 
Yd(0) 


1 + 


f -18  *f  M 

V 100  / 


1 + \G. 


s 


Uf  + It  ADD 
100 


)( 


2.i8  p a, 


(v- 


SAT  SOL 


100 


+ 1 - 


10°) (2sat  sol) 


For  a given  test  on  a known  soil,  several  of  these  variables  will  be 
constant.  For  example,  at  a test  temperature  of  -7°C  and  with  a constant 
soil  type,  the  sp.»oific  gravity  of  the  soil  and  the  specific  gravity  of 
the  saturated  solution  are  constants  and  eq  V-15  can  be  calculated  for 
various  values  of  w .,  P,  and  % ADD.  Typical  results  of  a calculation 
of  this  type  are  shown  in  Figure  V-9.  For  the  selected  conditions  used 
in  this  figure  it  can  be  seen  that  the  percent  of  ice  in  the  pore  spaces 
has  the  moBt  significant  influence  on  the  value  of  R.  As  expected,  the 
value  of  R approaches  1.0  as  the  value  of  ice  (?)  approaches  100)5. 
Physically,  a value  of  P equal  to  100$  is  impossible  in  a treated  soil 
Binoe  there  would  always  be  some  saturated  solution  present  in  the  pore 
fluid.  The  ourves  of  the  various  percents  of  ice  terminate  at  a value  of 
w«  that  is  Just  high  enough  to  depress  the  freezing  point  of  the  solution 
to  the  test  temperature. 

The  figure  also  indicates  that  for  low  levelB  of  treatment  with 
an  additive  the  influence  of  the  amount  of  additive  is  primarily  in 
changing  the  peroent  of  ioe  in  the  pore  fluid.  Two  levels  of  treatment 
that  produce  the  same  percentage  of  ice  result  in  essentially  the  same 
value  of  R (the  difference  between  a sample  with  a treatment  level  of 
1%  and  0.25%  is  approximately  0.02).  This  means  that  the  predicted 
dry  unit  weight  for  a Bample  with  a lfl  additive  would  be  only  0.02  Y^/q) 
less  than  the  predicted  dry  unit  weight  of  a soil  with  0 .25%  treatment, 
assuming  equal  percents  of  ioe  in  the  pore  BpaceB.  For  a typical  value 
of  Yd(0)  of  80  pof  this  is  only  1.6  pcf. 

Typical  results  from  the  experimental  program  are  summarized  in 
Table  V-2.  The  aotual  values  of  R,  listed  in  this  table,  were  obtained 
at  selected  water  contents  from  the  regression  lineB  shown  in  Figures 
rv-10,  IV-11,  IV-12,  IV-14,  and  IV-15,  and  dividing  by  frozen  dry 
density  of  the  untreated  soil  (from  tho  regression  line  on  Figure  IV— 8 ) 
at  the  same  water  content.  The  calculated  values  of  R were  obtained  by 
solving  eq  V-15  using  the  same  water  contents.  The  maximum  difference 
between  any  experimental  and  calculated  value  of  R is  less  than  7%. 

Sinae  eq  V-15  is  independent  of  additive  type,  it  should  be  valid 
for  any  type  of  additive.  In  addition,  once  a test  temperature  has 
been  selocted  and  the  speoifio  gravity  of  the  resulting  saturated  solu- 
tion has  been  obtained,  the  equation  oan  be  used  for  any  selected  teBt 
temperature.  Included  in  Table  V-2  are  calculated  valueB  of  R for  a 
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FIGURE  V-9  CALCULATES  VALUES  OF  R FOR  VARIOUS  MATER 
CONTENTS,  PERCENTS  OF  ICE  AND  AHOUNTS  OF 
ADDITIVE. 

teat  aeries  performed  using  0.5Jf  sodium  chloride  at  -7°C  and  another 
aeries  of  testa  using  1$  calcium  chloride  at  a temperature  of  -15°C. 

The  actual  and  calculated  values  of  R are  comparable  in  magnitude  and 
indicate  that  eq  V-15  is  also  valid  for  three  test  conditions.  Additional 
testing  using  a variety  of  additives  and  several  test  temperatures  will 
be  required  to  completely  Justify  the  use  of  this  equation  for  all 
additives  and  temperatures. 

By  selecting  a series  of  water  contents,  eq  V-15  can  be  used  to 
determine  a family  of  curves  for  dry  density  versus  water  content  at 
any  level  of  treatment  with  an  additive.  These  curves  are  Bhovn  in 
Figure  V-10.  In  this  figure,  the  curve  that  describes  any  particular 
level  of  treatment  was  obtained  bj  selecting  a given  water  content  and 
calculating  the  percent  of  ice  P using  eq  V-8.  This  value,  along  with 
the  known  values  of  water  content,  £7g,_,  G and  percentage  of 
additive,  was  substituted  into  eq  V-X2  touobtain  the  desired  value  of 
/?.  Then,  knowing  the  froaen  dry  density  of  the  untreated  soil  at  the 
same  water  content  (Fig.  V-l)  the  treated  dry  density  was  obtained. 


For  the  range  of  water  contents  need  in  Figure  V-10,  the  curve  for 
a given  level  of  treatment  has  its  greatest  curvature  at  low  water 
contents  and  asymptotically  approaches  tho  curve  for  the  untreated  soil. 
This  implies  that  the  region  of  low  water  content  is  the  most  susceptible 
to  improvement  by  treating  the  soil  with  an  additive.  For  example,  at 
a water  content  of  50*  the  calculated  value  of  R for  a soil  treated  with 
1.0*  of  calcium  chloride  is  1.C3  compared  with  1.18  at  a water  content 
of  10*. 


FIGURE  V-10  EFFECT  OF  CALC I UR  CHLORIDE  ON  THE 
DRY  UNIT  HEIGHT  OF  THE  TEST  SOIL 
WHEN  COMPACTED  AT  -?C, 

Also  shown  in  Figure  V-10  ar-'  the  actual  experimental  values  obtained 
for  the  treated  soils  tested  at  -T°C.  The  experimental  points  are,  in 
general,  clustered  around  the  calculated  curves.  Further  teBtB  over  a 
much  wider  range  of  water  contents  will  be  required  to  vwrlfy  the  general 
applicability  of  eq  V-15, 

With  the  methods  presented  above  the  field  engineer  may  easily 
determine  the  effect  of  freezing  temperatures  on  earthwork  operations. 

For  the  case  where  freezing  of  the  pore  water  is  to  be  prevented,  the 
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information  required  can  be  obtained  from  existing  freezing  point  de- 
pression characteristics.  For  example,  with  an  overnight  low  of  -15°C 
and  a soil  with  a water  content  of  10jt,  it  will  require  at  least  2$  of 
calcium  chloride  by  dry  weight  of  soil  to  prevent  freezing  of  the  soil. 
This  amount  of  additive  would  hava  to  be  appli' ’ and  mixed  into  the  soil 
prior  to  the  temperature  lowering  to  below  0°C. 

For  the  situation  where  no  additive  is  used  or  where  insufficient 
additive  is  used  to  lower  the  freezing  point  of  the  pore  fluid  below  the 
expected  field  temperature,  it  will  be  necessary  to  determine  the  re- 
duction in  dry  density  that  might  be  expected.  For  this  oaBe  a serieB 
of  compaction  tests  on  untreated  frozen  soil  at  various  water  contents 
will  be  sufficient  to  define  a curve  of  the  type  shown  in  Figure  IV-8. 
With  this  our\e  and  eq  V-15,  the  resulting  frozen  dry  densities  for 
any  level  of  treatment  can  bs  obtained. 


VI.  CONCLUSIONS 

The  experimental  program  conducted  as  part  of  this  Btudy  required 
a large  number  of  compaction  tests  on  a single  Boil  at  various  tempera- 
tures and  compaative  efforts.  Of  primary  interest  were  the  compaction 
tests  at  -T°C,  but  a substantial  number  of  tests  were  conducted  at  20°C 
to  establish  a frame  of  reference  for  the  teBts  at  the  lower  temperatures. 
Additives  (calcium  chloride  and  sodium  chloride)  were  used  in  some  of 
the  tests  to  investigate  possible  methods  of  improving  compaction  of 
soils  at  low  temperatures.  Based  on  the  results  of  the  experimental 
program  the  following  conclusions  concerning  the  compaction  of  soil  at 
low  temperature  vert  obtained: 

1.  Dry  unit  weight  of  compacted  frozen  soil  is  less  than  the 
dry  unit  weight  of  a soil  compacted  with  the  same  effort  but 
at  a temperature  above  the  freezing  point  of  the  pore  fluid. 

2.  Dry  unit  weight  of  compacted  frozen  soils  is  inversely  pro- 
portional to  the  amount  of  ice  in  the  pore  space  (ice  satura- 
tion). For  the  soil  tested  the  relationship  between  frozen 
dry  unit  weight  and  ice  saturation  is  bilinear.  At  the  low 
ioo  saturations  the  reduction  in  dry  unit  weight  per  unit 
increase  in  ice  saturation  is  much  larger  than  at  ice  satura- 
tions greater  than  10#. 

3.  There  is  no  apparent  optimum  moisture  content  for  a soil  that 
is  compacted  while  frozen.  The  highest  dry  density  occurB  at 
zero  vauer  content. 

it.  Additives  can  be  effectively  used  to  alter  the  compaction 
characteristics  of  a soil  prepared  and  compacted  at  tempera- 
tures below  n°c. 
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5.  By  using  enough  additive  to  depress  the  freezing  point  of  the 
pore  fluid  below  the  test  temperature,  the  compaction  char- 
acteristics of  a soil  tested  at  a temperature  below  0°C  will 
be  essentially  the  same  as  for  a soil  compacted  without  an 
additive  at  temperatures  above  0°C.  For  soils  compacted  in 
this  state,  the  optimum  water  content  of  the  treated  soil  is 
close  to  the  optimum  obtained  for  an  untreated  soil  tested 

at  temperatures  above  0°C, 

6.  The  amount  of  additive  required  to  prevent  freezing  of  the 
pore  fluid  can  be  obtained  from  the  freezing  point  depression 
characteristics  of  the  additive,  For  calcium  chloride  and  sodium 
chloride  these  values  can  be  obtained  from  Figure  V-5. 

7.  For  the  condition  where  the  pore  fluid  is  neither  completely 
frozen  nor  entirely  in  the  liquid  state,  the  dry  density  of 
a soil  prepared  and  compacted  at  low  temperatures  can  be  re- 
lated to  the  dry  density  of  a Boil  where  all  pore  fluid  is 
frozen  through  an  expression  involving  the  percent  of  ice  in 
the  pore  fluid  (eq  V— 15 ) . At  constant  water  content,  the 
lower  the  amount  of  ice  in  the  pore  fluid  the  higher  the 
resulting  dry  density. 

8.  Modified  AASHO  compaetive  effort  produced  no  significant 
changes  in  the  frozen  dry  densities  compared  with  tests  on  the 
same  soil  at  Standard  AASHO  compaetive  effort.  This  result 
may  be  due  in  part  to  difficulties  in  compacting  the  single- 
size  partiales  used  in  this  teBt  program, 


VII.  RECOMMENDATIONS  FOR  FUTURE  RESEARCH 

During  the  course  of  the  research  it  became  apparent  that,  to 
generalize  the  concepts  presented  in  this  report,  several  of  the  factors 
that  affect  the  compaction  of  a frozen  soil  would  require  further 
investigation. 


For  tho  tests  conducted  on  an  untreated  soil  it  was  noted  that 
frozen  dry  density  can  be  related  to  the  amount  of  ice  in  the  pore  spaces 
by  a bilinear  relationship  between  frozen  dry  density  and  ice  saturation. 
TestB  on  a different  type  of  soil  will  be  required  to  determine  if  this 
relationship  is  invariant  or  is  a function  of  the  soil  type.  Of  parti- 
cular interest  would  be  u soil  with  a large  amount  of  clay  sized  particles, 
Bince  these  are  the  types  of  soils  that  are  presently  considered  to  be 
unoompactable  while  frozen.  For  a soil  of  thiB  type  test  temperature 
and  freezing  duration  may  have  to  be  altered  to  obtain  complete  freezing 
of  all  pore  water,  including  the  double  .buyer  water. 
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For  a soil  treated  with  insufficient  additive  to  lower  the  freezing 
point  of  the  pore  fluid  below  the  test  temperature,  it  was  observed  that 
the  dry  density  was  related  to  the  frozen  dry  density  of  an  untreated 
soil.  The  relationship  developed  (eq  V-15)  was  dependent  on  test  tem- 
perature. Additional  testing  at  a lower  temperature  will  be  required 
to  prove  the  correctness  of  this  approach,  even  though  preliminary  tests 
indicate  it  to  be  correct. 

Particle  size  and  gradation  are  factors  that  are  known  to  affect 
the  results  of  compaction  teats.  In  the  tests  conducted  herein  only  a 
single  particle  size  was  used  in  compacting  the  frozen  soils.  For 
field  conditions  a single  particle  size  would  be  an  exceptional  case. 
Further  study  on  the  compaction  of  frozen  soil  with  a variety  of  frozen 
particle  sizes  would  be  required  to  duplicate  field  conditions  and  to 
determine  the  magnitude  of  the  effect  of  the  particle  size  on  the 
compaction  results. 

The  use  of  an  additive  to  improve  compaction  characteristics  of 
soils  at  below-freezing  temperatures  appears  to  be  a promising  method  of 
offsetting  the  detrimental  effect  of  such  temperatures.  Additional  re- 
search using  a variety  of  additives  may  lead  to  the  identification  of 
the  least  costly  method  of  compacting  soils  at  low  temperatures. 
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